The WHO recommends integration of universal mass vaccination (UMV) against hepatitis A virus (HAV) in national immunization schedules for children aged 1 year, if justified on the basis of acute HAV incidence, declining endemicity from high to intermediate and cost-effectiveness. This recommendation has been implemented in several countries. Our aim was to assess the impact of UMV using monovalent inactivated hepatitis A vaccines on incidence and persistence of anti-HAV (IgG) antibodies in pediatric populations. We conducted a systematic review of literature published between 2000 and 2015 in PubMed, Cochrane Library, LILACS, IBECS identifying a total of 27 studies (Argentina,
Introduction
Most data on the incidence of acute HAV infection and prevalence of immunity cited in the literature are relatively old. According to World Health Organization (WHO) estimates, there were 126 million cases of acute hepatitis A in 2005.
1,2 Acute hepatitis A-related morbidity and mortality increase with age. In children aged <6 years, »70% of infections are asymptomatic; if illness does occur, it is typically anicteric. In contrast, in older children, adolescents and adults, infection often leads to clinically overt acute hepatitis. 3, 4 Acute hepatitis A in adults may lead to prolonged incapacitation and rarely also to acute liver failure in previously healthy individuals and in patients with chronic liver disease. 5 There is no specific treatment for acute hepatitis A except for supportive care and liver transplantation in the rare cases with liver failure. 6 The virus is transmitted through the fecal-oral route, either through person-to-person contact or through contaminated food or water. 6 The highest rates of infection are found in areas with poor sanitary conditions and hygienic practices and lack of access to clean water. 7, 8 Other risk factors for acquiring HAV include intravenous drug abuse and men having sex with men (MSM). 9 Improvements in sanitation and access to clean water reduce viral circulation and infection and therefore the risk of waterborne HAV transmission and the overall rates of transmission. This reduction can be observed in the absence of vaccination as well as when vaccination programs are in place.
The first commercially produced hepatitis A vaccine was launched in 1992. 10 Both inactivated and live attenuated vaccines against hepatitis A are currently available. 11 A live attenuated vaccine is mainly used in China; most other countries use inactivated vaccines. 12 Several monovalent inactivated hepatitis A vaccines are available, which are licensed for children aged one year or older (Table S1) . [11] [12] [13] [14] The WHO considers that HAV vaccines of different brand names are interchangeable. 11 The antigen content differs between vaccines, 14, 15 however, all are considered safe and immunogenic. 13, [16] [17] [18] [19] [20] Long-term persistence of antibodies has been shown with 2-dose vaccination schedules in adults. 21, 22 Areas with high viral transmission rates have a lower rate of severe morbidity and mortality than areas with lower viral transmission rates, as there are few susceptible adults in areas with high transmission rates. 2, 23 However, epidemiologic shifts from high to intermediate levels of HAV circulation, resulting from improvements in sanitation and hygiene, are paradoxically associated with an increase in susceptibility to infection due to decreasing immunity in the population as well as to more symptomatic disease due to older age at first infection. 7, 10 The impact of vaccination can therefore be confirmed by a decline of reported symptomatic cases, of fulminant hepatitis cases and of liver transplants. 24 In these settings, the WHO recommends the integration of HAV vaccination into the national immunisation schedule for children aged one year and above, if indicated on the basis of incidence of acute hepatitis and consideration of cost-effectiveness. 1 Most countries that have introduced hepatitis A vaccination in their immunisation programs use the available monovalent vaccines. Combined vaccines that include hepatitis A and B or hepatitis A and typhoid have also been developed. However, with the exception of Quebec in Canada 25 and Catalonia in Spain 26 where the combined hepatitis A and B vaccine is used in the, pediatric immunisation programmes, these are mainly intended for use in adult travelers or patients with specific risks like chronic liver diseases. 27 Furthermore, hepatitis B vaccination has been introduced as a birth dose, monovalent or combined with other antigens, since the late 1990s or early 2000s in most countries. This review is therefore focused on the use of monovalent hepatitis A vaccine in the universal mass vaccination (UMV) setting.
Single-dose inactivated hepatitis A vaccines have been introduced in the national immunisation program in Argentina and additional countries in Latin America are considering adopting a similar protocol. This option seems to be comparable in terms of short and intermediate-term effectiveness, and is less expensive and easier to implement than the classical 2-dose schedule. 1, 24 However, until further long-term experience has been obtained with a single-dose schedule, in individuals at substantial risk of contracting hepatitis A, and in immunocompromised individuals, a 2-dose schedule may be preferable. 1 Following an increase in the number of HAV outbreaks in the 1990s, Israel was the first country to introduce nationwide UMV for 18 months old toddlers using 2 doses of Havrix TM . 28 Additional countries that introduced UMV programs for hepatitis A include among others Argentina, 24 Bahrain, 29 Brazil, 30 China, 31 Greece, 32, 33 Panama, 34 the US 35 and Uruguay 36 ; as well as regions of Belarus (Minsk City), 37 Canada (Quebec), 25 Italy (Puglia) 38 and Spain (Catalonia). 39 The objectives of this systematic review were to: (1) summarize data on the impact of monovalent inactivated hepatitis A vaccines in the context of UMV on the incidence of acute hepatitis A; (2) assess the impact of UMV on other parameters than incidence (e.g. indirect effects such as herd immunity); (3) summarize data on the long-term persistence of anti-HAV (IgG) antibodies in pediatric populations.
Methods

Search strategy
The 
Inclusion and exclusion criteria
In this systematic review only peer-reviewed primary research articles were included; review articles were excluded, but the reference lists of systematic reviews were screened to identify additional relevant primary articles. Review of the gray literature was not included. For review objectives 1 and 2, only observational studies conducted in a setting with UMV with monovalent, inactivated hepatitis A vaccines were included (Table S1 ). Studies from settings where hepatitis A vaccination was only implemented at the regional level (for example in Puglia, Italy 38 or Minsk City, Belarus 37 ), or from settings in which live attenuated hepatitis A vaccines or only combined hepatitis A vaccines were used in the UMV programs were excluded. Furthermore, studies in at risk populations, outbreak studies, modeling studies and economic evaluations were excluded; as were studies that did not present incidence or prevalence baseline data (i.e. data from the era prior to the introduction of UMV). For review objective 3, studies were only included if they were conducted with monovalent, inactivated hepatitis A vaccines in children (at time of primary vaccination) and provided follow-up data for a minimum of 5 y.
Selection process
Articles were selected in 3 steps. Firstly, titles and abstracts identified through the search strategy were screened to identify potentially relevant articles. All titles and abstracts were screened in duplicate by 2 independent researchers. Any disagreements were resolved by the 2 reviewers by discussing the title and abstract; in case any doubts remained, the full-text was screened to ascertain if the article answered one of the research questions. Secondly, the full-text of the selected articles was screened, keeping in mind the inclusion and exclusion criteria described above, to determine whether it answered one of the review questions. If any aspects of the methodology were unclear, a comment was placed in the results table. Thirdly, for articles that presented duplicate data, the article that presented the most complete data (e.g., longer follow-up) was included.
Results
The search resulted in 3313 unique hits, of which 27 were included in this systematic review (Fig. 1) . In total, 10 articles were included for review objective 1, 15 for review objective 2 and 10 for review objective 3. Some articles presented data for more than one review objective.
Objective 1: Impact of UMV on HA incidence
Reduction in incidence
Ten studies provided data on incidence of acute hepatitis A before and after the introduction of hepatitis A UMV programs; all but one study (in Greece) found a marked decrease in acute hepatitis A incidence after UMV was implemented (Table 1) . Declines were independent of the brand of the hepatitis A vaccine used in the programs; the number of doses that was given; the target age at first vaccination, which ranged from 12 to 24 months; or the attained vaccination coverage (range 25%-96.8%). After the introduction of UMV, the percent reduction in the incidence of acute hepatitis A was 88% in Argentina, >95% in Israel, 93% in Panama and 96% in Uruguay going form incidence rates ranging 6.0 to 142.4 per 100,000 population before vaccine introduction to a range of 0.4 to 7.9 per 100,000 population.
In Greece, a UMV program was initiated in 2008 however due the low endemcity level (<3.0 per 100,000 population) registered since the late 1980s, the program has not had significant impact on the notification rate of acute hepatitis A cases. Table 2) . 24 A study that looked at hepatitis A outbreaks in day care centers in the Southern District of Israel showed that no more outbreak-related acute hepatitis A cases were reported. 41 Hepatitis A vaccination was implemented is some US States as of 1999, the rate of hepatitis A-related ambulatory healthcare visits among enrollees going from 20.9 in 1996-1997 to 8.7 in 2004. 42 The age-adjusted hepatitis A-mortality rate decreased significantly from 0. 44 however the relative rates of hospitalized hepatitis A cases among overall acute hepatitis A cases increased. In Greece, the number of HArelated hospital admission per 1000 hospital admissions among children dropped from 77.3 (95% CI 58.7-95.9) in 1999 (year of introduction of vaccine in private market) to 18.5 (95% CI 8.2-28.9) in 2013. 45 Furthermore the outbreaks in 2013 among Roma populations did not spread to the general population. 40 Indirect effects A decline in acute hepatitis A incidence was seen in all age groups after the introduction of UMV in Israel in 1999 28, 46, 47 as well as in the US, where vaccination was introduced in 1999 in some States, 35, 48, 49 Such a drop was also recorded in Argentina in 2005 24 and in Panama in 2007 50 (Table 3) . Declines in incidence were generally highest in the age groups that contained the most vaccinated children. 24, 28, 35, 51 Incidence rates also dropped among children too young to be vaccinated in the programs. 28, 35, 50 In most studies, the smallest declines in acute hepatitis A incidence were noted in the oldest investigated age groups. 24, 28, 35, 50 Similarly, a drop in hepatitis A-associated hospitalization rates was observed in non-vaccinated age groups in the US. 44 In settings where many adults are likely to have natural immunity from prior infection, the drop in incidence in age groups not targeted by the UMV programs suggest a remarkable degree of herd immunity.
Objective 3: Long-term persistence of anti-HAV antibodies
Of the 10 included studies that reported on persistence of anti-HAV (IgG) antibodies more than 5 y after vaccination of a pediatric population, 2 studies were performed in Argentina, one in Belgium, 2 in China, one in Israel and 4 in the US (Table 4) . In six studies, authors reported that children who received booster vaccinations after the primary immunisation schedule were excluded from the follow-up analyses. Follow-up among the included studies ranged from 5 to 17 y. In the study with the longest follow-up, 87 to 100% (depending on the vaccination schedule) of the children whose antibody levels were measured at follow-up were found to be seroprotected up to 17 y after vaccination. 52 The vaccination schedule, the number of doses, the antibody-status of the mother and age at vaccination were all found to influence the height of the geometric mean concentration (GMC) of anti-HAV antibodies. In the study with the longest follow-up, children who received the third dose of hepatitis A vaccine at month 12 compared to month 2 of the vaccination schedule had a higher GMC after 17 y (354 mIU/mL [95%CI 142-880] vs.129 mIU/mL [95%CI 61-270]). 52 In another study, the GMC at 5 y follow-up was significantly higher among those who had received 2 doses of hepatitis A vaccine compared to those who had received only one dose (592 mIU/mL [95%CI 480-729] vs. 123 mIU/mL [95%CI 111-135]). 53 In 2 studies, the presence of maternal antibodies was significantly associated with lower GMCs at 6 and 15 y follow-up among infants vaccinated at aged 2 and 6 months, respectively. 54, 55 One of these studies also showed that the GMC was higher among children vaccinated at age 12 or 18 months compared to those aged 6 months. 55 
Discussion
In 2012, Ott et al. reviewed the literature on the long-term protective effect of hepatitis A vaccines, 56 and new studies have been published since then. 52, 53, 55, [57] [58] [59] To our knowledge, the present communication is the first systematic review that examines the overall impact of universal mass vaccination with inactivated hepatitis A vaccines.
Impact of UMV programs
The goal of the hepatitis A UMV programs in countries with intermediate endemicity for HAV is to protect individuals from infection and disease and reducing the virus circulation. Most UMV programs are aimed at very young children, as they represent the reservoir of the infection representing an important vehicle in the transmission of HAV.
28,60-63 UMV programs are generally based on 2-dose vaccination, however Argentina and Brazil have decided to introduce a one dose only program. 24, 30 This review focused only on countrywide UMV with monovalent inactivated vaccines. In China, hepatitis A vaccination was introduced into the routine childhood program in 2008. However, as 92% of the 16 million children aged 18 months are vaccinated annually with a single dose of live attenuated vaccines, data from China was beyond the scope of this review. 64, 65 Likewise, some areas implemented vaccination only in a particular region of a country (e.g. Puglia, Italy 38 ; or Catalonia, Spain where a combined hepatitis A and B vaccine was used 39 ) or only in one city (e.g., Minsk, Belarus 37 ), and were not included.
All but one of the reviewed studies that looked at incidence of acute hepatitis A showed a marked decline in the incidence after the introduction of hepatitis A UMV programs in countries with intermediate levels of endemicity defined elsewhere. 66 However reductions in the rate of transmission are also attributable to the improved hygiene resulting from cleaned water access. It has been in fact shown that Hepatitis A virus (HAV) is associated with inadequate water and sanitation, the increases in clean water access lead to reduced risk of waterborne HAV transmission. 67 The incidence in non-vaccinated age groups was also found to decrease, likely indicating a strong impact of vaccination programs on herd immunity. 24, 28, 35, 46, 48, 49 However an increase in the proportion of acute hepatitis A cases hospitalized in the United States was reported and this could be explained by the increase in age of the susceptible population which is predominantly adults more prone to clinically overt and severe disease. 44, 51 Greece is the only country where the introduction of UMV for hepatitis A did not show a strong impact on the incidence of hepatitis A, as reported in other countries. Differently than in other countries the UMV in Greece was implemented when already at least a third of children on a national level had been vaccinate in the private market and specifically data from Athens metropolitan area showed a vaccine uptake >50% prior to the UMV introduction. The low impact of UMV showed in Greece is likely due to the fact that Greece was already a country with low endemicity at the time UMV was introduced, 66 and that children in the main high risk group, the Roma population, are not vaccinated at the recommended level to prevent transmission. 40 The evaluation of the impact of hepatitis A vaccination has been carried out mostly using national or state-wide passive surveillance systems, based primarily on laboratory-confirmed or epidemiologically-linked cases of acute hepatitis A, 24, 35, 36, 40, [47] [48] [49] [50] and 2 Israeli studies used health insurance organization data. 46, 68 None of the systems ascertained asymptomatic infections or those with acute hepatitis A disease that did not seek medical care. None of the authors reported any changes in underreporting over time. If these factors had any effect on the outcome, it is likely they led to an underestimation of the reduction in acute hepatitis A, rather than an overestimation.
Outbreaks have often been the direct trigger for the introduction of UMV programs, such as the 2003-2004 outbreaks in Argentina. 24 In some areas, the overall incidence of acute hepatitis A was already declining in the decade prior to the introduction of routine vaccination programs, but maintained its cyclic pattern. 28, 35, 48 For example, Singleton et al. state that increasing rates of in-home running water perhaps contributed to somewhat lower HAV incidence in the later pre-licensure period in Alaska. 48 However, the decline in incidence after the introduction of UMV was unprecedented in magnitude. No major changes in water or sanitation infrastructure were reported that coincided with the introduction of UMV and to which the decrease could be attributed. 24, 28, 48 Furthermore the decline can't be entirely explained by the cyclical nature of the disease, as the decline was accompanied by shifts in the relative age distribution of acute hepatitis A to older age groups 24, 35, 44, 46, 68 and declines were larger in vaccinating than non-vaccinating states of the US. 35 Finally, epidemic peaks have been disappearing. The decline in incidence was sustained over time; studies in this review included up to 8 y of data post-UMV introduction, 48, 49, 68 during which no increase in acute hepatitis A incidence was observed.
Vaccination coverage varied widely among geographical areas; reaching over 95% of young children in Argentina, but only 25% in US states where vaccination was "considered" from 1999. Efforts to target children at highest risk in certain areas of the US might explain the high impact of UMV despite this low vaccination coverage. 35 The impact of UMV on acute hepatitis A incidence was evident despite limited vaccine coverage rates in some countries.
Due to the heterogeneity of the data, meta-analysis was not performed. The periods compared in the before vs. after comparison differ too much between the studies, especially in terms of years since the introduction of UMV. Additionally, Vizzotti et al 24 describes a 1-dose vaccination program while the other publications refer to 2-dose vaccination programs. As with any systematic literature review, this review is subject to the limitations of the included articles.
Almost all included studies showed a decline in the incidence following the introduction of hepatitis A UMV programs. As these studies were conducted in settings with intermediate endemicity, the results should be interpreted within this context and differences in the surveillance systems should also been considered when interpreting the data. In the study from Greece, a country with low endemicity, no such decline was seen. Improved hygiene over the past century has led to low endemicity in much of the developed world. The resulting high susceptibility may increase the risk of outbreaks when exposure does occur, and this has been the cause of recent large outbreaks through food contamination, e.g. through frozen pomegranate arils in the United States 69 and frozen berries in Europe. 70 However, this does not necessarily indicate that mass immunization programs with hepatitis A vaccine should be introduced in low endemic countries.
Long-term persistence
In this review, evidence of long-term persistence of anti-HAV (IgG) antibodies in children for up to 17 y following vaccination with monovalent inactivated vaccines was found. 52 However, these data have been generated following vaccination with 3 doses of an inactivated Hepatitis A vaccine containing 360 EU per dose (HAVRIX~360 EU), not used anymore. Long-term immune memory is important so that children vaccinated under childhood vaccination programs will still be protected by the time they reach the age at which disease is likely to be symptomatic. 12, 71 Infants vaccinated before the age of one year appear to have a lower antibody response. 54, 55 This supports the target age of one year or older for children immunized in UMV programs. A recent model-based assessment of vaccine induced immune memory against HAV in adults suggests that anti-HAV antibodies will persist for at least 20 y in >95% of vaccines. 22 A limitation in interpretation of most long-term persistence studies is that a fraction of the children that received the primary vaccination series also received an additional booster dose before the last follow-up. Indeed, boosters complicate the interpretation of follow-up data. For instance, 5 of the included studies reported that children who received booster doses were excluded [52] [53] [54] [55] 72 ; this results in an overestimation in the GMCs and the percentage of children who were seropositive years after the primary vaccination series, as boosters were likely given to precisely those children whose antibodies levels dropped below a certain threshold. The interpretation is further hampered by the fact that most studies did not report how many children were excluded for this reason. For these studies, it can be concluded that anti-HAV-antibodies can persist up to the time of last follow-up (6 to 14-15 years). 54, 58, 59, [72] [73] [74] For the 2 studies that did report how many children were excluded due to the receipt of a booster dose, it can be concluded that antibodies persist to the time of last follow-up (5 and 17 y) in the majority of children who were not lost to follow-up. 52, 53, 55, 57 A limitation of all studies on long-term persistence of antibodies and immune memory is the large number of participants that were lost to follow-up over time. Additionally, the possibility that the children received a 'natural booster' due to exposure to circulating HAV cannot be excluded, especially in the early years of the vaccination programs. However, there is also no proof that the long-term persistence of antibodies was the result of natural boosting. 54 Furthermore, seroprotection against HAV was defined as a GMC of at least 5, 10, 20, or 33 mIU/mL depending on individual assays and vaccines used in the included studies. However, the true lowest limit of anti-HAV that confers protection is unknown and might be even lower than the detection limit of a particular assay. 71, 75 Information on long-term persistence after administration of a single dose of vaccine in children is limited, but has been documented in adults. [76] [77] [78] This information would suggest that protective anti-HAV antibody levels after a single dose of inactivated hepatitis A vaccine can persist for up to 11 y. A recent publication also suggests that antibody titers are lower and antibodies decay faster in younger children (aged 1-7 years). 74 Long-term persistence data after one dose in children would therefore be valuable, especially as not all children are vaccinated twice, either because the second dose is missed or because only one dose is recommended, e.g., in Argentina and Brazil.
The impact on the disease incidence and other related health outcomes as well as the long term antibody persistence provided by the vaccination are all critical considerations of vaccine program impact, however every country must also assess the cost-effectiveness of the program in deciding for or against the implementation of hepatitis A UMV. The data reported present certain heterogeneity in terms of epidemiology and reporting systems and therefore the data should not be read as a comparison of the impact of immunization programs in the different country but solely as a descriptive assessment of the country by country outcomes.
Conclusion
Introduction of UMV with monovalent inactivated hepatitis A vaccines in countries with intermediate endemicity for HAV infection led to a considerable decrease in the incidence of hepatitis A in vaccinated and in non-vaccinated age groups alike.
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